The diving physiology of aquatic animals at sea began 50 years ago with studies of the Weddell seal. Even today with the advancements in marine recording and tracking technology, only a few species are suitable for investigation. The first experiments were in McMurdo Sound, Antarctica. In this paper are examples of what was learned in Antarctica and elsewhere. Some methods employed relied on willingness of Weddell seals and emperor penguins to dive under sea ice. Diving depth and duration were obtained with a time depth recorder. Some dives were longer than an hour and as deep as 600 m. From arterial blood samples, lactate and nitrogen concentrations were obtained. These results showed how Weddell seals manage their oxygen stores, that they become reliant on a positive contribution of anaerobic metabolism during a dive duration of more than 20 min, and that nitrogen blood gases remain so low that lung collapse must occur at about 25 to 50 m. This nitrogen level was similar to that determined in elephant seals during forcible submersion with compression to depths greater than 100 m. These results led to further questions about diving mammal's terminal airway structure in the lungs. Much of the strengthening of the airways is not for avoiding the "bends," by enhancing lung collapse at depth, but for reducing the resistance to high flow rates during expiration. The most exceptional examples are the small whales that maintain high expiratory flow rates throughout the entire vital capacity, which represents about 90% of their total lung capacity.
SINCE 1995 about 19 of the Krogh lectures have been published. They tell us much about experiments devised for laboratory studies and provide excellent examples of the adherence to the Krogh principle "For many problems there is an animal on which it can be most conveniently studied" (27) . Bodil Schmidt-Nielsen's published paper of the first Krogh lecture (36) drew my attention to the experiments done by Scholander and collaborators (39) on hydrostatic water transport in plants and trees. It brings back fond memories of my arrival in La Jolla and joining of the Physiological Research Laboratory under the direction of "Pete" Scholander. He and coauthors had recently published a paper describing the experiments on sap pressure, and I enjoyed the simplicity of the primary tool. The leafy section of the plant or tree branch was placed in a pressure "bomb," an unacceptable term these days for any traveling scientific device or apparatus. The vessel's interior pressure was raised by the addition of nitrogen gas to a pressure that matched the surface tension of the leaves and sap. The sap had withdrawn into the xylem, and with added pressure, the sap began to extrude from the cut stem. That pressure could be read from the gauge attached to the interior chamber, and it would be in the tens of atmospheres. This is a simple, direct, and dangerous procedure. Why was it dangerous? Read the story in Scholander's autobiography (38) . To hear Pete or one of the others tell the hazardous side of the study was very funny, but it could have been tragic.
Bodil's paper also caught my attention because she mentions the concentrating capacity of the kangaroo rat renal system (37) . This desert mammal seldom, if ever, has to drink. This was a curiosity to me while I was at the University of Arizona and led me to measure the milk composition of the kangaroo rat milk because it could be a substantial avenue of water loss for the female rat. The milk was made up of 24% fat and 50% water (15) . Later, I was to measure the milk composition of Weddell seal milk and found an even a lower concentration of water at about 35% (20). In both of these cases the milk of these water-deprived females have a reduced water content compared with most terrestrial mammals.
Animals and plants in extreme conditions have always been of interest to comparative physiologists because they show the exaggerated adaptability of animals to their environments. This is why aquatic air-breathing animals are so interesting. Every organ is affected in some way by the extended breath holds and increased hydrostatic pressure that these animals experience in their daily life.
Influential scientists who guided me in my pursuit of some of these most exceptional vertebrates were Sir Richard Harri-son, for mammalian lungs, Pete Scholander for his seminal experiments on aquatic mammals and birds, and George Bartholomew, my undergraduate advisor, for his exciting course lectures, and his skill as a great naturalist. My goal is to show how my many collaborators and I joined the quest to understand a few aspects of the adaptations of marine mammals and penguins, focusing on how their cardiopulmonary system functions, and through behavioral studies, placing these animals in an ecological context. A major outcome for me is that our findings will help form a wall of knowledge to prevent the extinction in such amazing animals.
My focus about life in the wild includes elements of personal and physical challenges when working under polar conditions. We discovered how these animals work, both internally and externally, as they exploit their habitat. It will be based on examples of the early studies of the behavior and physiology of Weddell seals and emperor penguins, and how they worked while diving under the ice, and later work on sea lions and whales. The seal and penguin study took advantage of their habit of diving under sea ice, enabling us to conduct both "controlled" experiments and with more advanced technology less controlled experiments. I also address the fact that no diving animal lives without pressure. Finally, I will discuss the pulmonary anatomy of marine mammals and the relationship of structure to possible function.
Tools for Studying Life in Wild
When studying biology in the wild, location and timing are everything. My first and most memorable location was and still is McMurdo Sound, Antarctica. It is a place like no other. It is, perhaps, the best marine mammal and bird natural laboratory in the world. Not even other places in Antarctica offer an environment that for 8 mo of the year is a deep body of water firmly covered with fast ice (13) . Fast ice is persistent ice against the land, and it is only disrupted by a few narrow tidal cracks. The stress and strain of underwater currents causes linear cracks between points of land and islands, or island-like grounded icebergs. It reminds me of window glass suffering from stress cracks and a few stone strikes. Many of the cracks in the Sound are not random, as currents and tidal changes cause consistent cracks between points of land and islands or entrapped icebergs. Usually the cracks enlarge during the spring melting as the sea ice weakens. This is an annual cycle, and the breaking apart of the ice occurs in late summer, sometimes abruptly as a view window shatters. Ice reformation begins soon after the sun slips low on the horizon. By about July the sun has hidden below the horizon for nearly 2 mo and the sea ice cover is thickened to 2 meters. Underneath the ice the bathymetry of the Sound is steep sided and forms a broad flat valley with a maximum depth a shade deeper than 600 meters. The fast ice is not useful to seals and penguins; without ice holes and cracks to enable these animals access to the marine environment below.Weddell seals often create holes by reaming through the thin ice of cracks or recently frozen ponds to breathe and exit the water to rest on the ice. The seals seldom use the ice surface for overland travel, but penguins commonly do. For our research needs in early spring (October) we find a place far from any of these cracks and holes, and we make a super-sized hole of at least a meter in diameter so that a Weddell seal could slide comfortably into or out of the water while carrying some sort of data-collecting device. The following describes some details about the materials and methods used for the experiments we conducted. At the time they were unique in the study of seals and penguins.
Penetrating through 2 meters of ice was not easy and without machines, it was time consuming as well. In "olden days. . . .anything goes" (Cole Porter) and we bashed, blasted, and hacked with ice axes, chisels, chainsaws, and ice tongs. We cut almost unmanageable 25-to 50-kg ice blocks that were lifted clear of the pit. With luck in a few days to a week, after much backbreaking labor, our pit became an opening to another world. In some years the ice was 4 meters or more thick because the annual ice became biennial and to cut a hole with hand tools was nearly impossible. After a few years of using this grueling method, which separated the old men from the boys, a miracle happened. A 1.2-m diameter augur was introduced as part of a tractor-towed drilling rig. Ice holes could be cut in 20 min, and the under ice brash dip netted out in an hour. This was one of the great innovations in polar research, and soon McMurdo Sound was peppered with ice holes for all manner of reasons. There is now occasionally the risk of "ice hole wars" as projects competing for isolation are close enough that Weddell seals could swim from one hole to another and hop-skip across the sound and escape. This was serious for our isolated diving hole protocol (IDHP). For the protocol to work we could not have our naïve Weddell seal, with all kinds of expensive equipment attached, leaving the experiment at will. We found that there had to be a separation from other openings by at least 4 km, and even that was not a guarantee for Weddell seals. At least a kilometer was needed when working with emperor penguins. The IDHP procedure is now 50 years old. It has been used by four generations of scientists, and we are still counting. Indeed, rumor has it that there is a lineup of pending projects waiting their turn in the Sound.
Weddell seals are ideal animals for IDHP-driven studies. Few wild animals as large as these seals can be pushed and pulled around, without becoming aggressive. However, there is a limit and some of us have the bite scars to prove it.
The emperor penguin is similarly tolerant, but care must be taken or there is a risk of the bird becoming stressed and disoriented. For several reasons, including the safety of the penguin, we worked with several individuals at a time, and all diving at once. It creates a spectacular water show from the subice observation chamber, and a noisy and highly visible scene that for penguins underwater helps them find their way back to the flock and the hole. Water clarity is probably important here, and visibility in October and November, when phytoplankton growth is minimal, ranges to about 300 meters horizontally, and more vertically from depth to the bottom of the fast ice.
My initial interests while doing fieldwork in Antarctica were diving behavior and physiology without restraint. At the time (1964) it was a clean slate for diving animals. Just a few single observations of diving animals had been reported and nothing was known of dive durations. No one would have been able to publish such astonishing dive lengths during that time without instrument verification, which I did with a time/depth recorder (TDR), designed by me and built by a local watch repairman. It was primitive, but it was the first such device ever applied to a diving animal. The duration of the recorder was an hour, based on the technology of the cooking timer that I stole from my wife's kitchen and incorporated into the recorder. Nowadays the past records obtained from the Weddell seal in the mid-1960s are rather run of the mill as I discuss below. Nevertheless, the observations made about the Weddell seal diving capabilities, which were longer and deeper than had been recorded for any diving animal, remained the standard for years until more sophisticated instruments were developed (14) . Once newer TDRs with vast digital memory became available, studies have become widespread throughout the world's oceans. It is worth noting that with only an hour duration for the first TDRs, I had to remain in the hut next to the dive hole for long periods to exchange one TDR with another to build upon my sample size. I came to know the seals well.
Ten years later in collaboration with Roger Gentry, a fur seal behavioral specialist (7), and Jim Billups, a master instrument designer and machinist (21), we built a TDR that could record for 2 wk, matching the foraging cycle duration of female northern fur seals that were nurturing pups and traveling tens of kilometers from the colony to forage. The recording medium was changed from smoked glass inscribed with a pressure trace, a la physiologists of Krogh's time using kymographs, to film exposed by an LED trace. In the following decade (ϳ1982) Roger Hill, an Oxford-trained physicist within Warren Zapol's Harvard Medical School group studying Weddell seals, designed and built a microprocessor interfaced recorder that could record dive profiles and control the drawing of blood samples during the dive. Hill went commercial soon after and now we have units produced by his and other companies that will record diving and oceanographic data for months and some that will transmit the data via the Argos satellite system. There is no end to the possibilities. These recorders are a tenth the size of the original TDR and twice the cost. It is now a wealthy investigators game. Recently, I deployed $60,000 worth of instruments on 21 emperor penguins that provided months of data but with no hope of recovering the devices from the far flung regions of the Antarctic pack ice. To say the least, I have embraced the technology with alacrity.
The TDR was the fundamental instrument in the beginning and continues to play a key role in the numerous experiments conducted on emperor penguins, Weddell seals, and numerous other species of marine animals.
Results and Discussion of Marine Mammal Studies
Weddell seals. Of the multifaceted physiological experiments I was involved in performing, sometimes as the lead scientist, one example is especially important, but first some extra background on this singular seal. It is one of the largest seals, the most southerly occurring of all seals, and many remain in the near shore fast ice of the continent throughout the year. Of especial interest are those individuals that remain throughout the year in McMurdo Sound. With limited access to the surface, they range widely in the Sound during the long Antarctic night. The 2-meter thick sheet of ice is often snow covered. Under these circumstances it is extremely dark in the water column. In winter there is no photosynthetic activity, and the result is water that is very, very clear. The seal is somehow capable of finding isolated openings, and if the ice is thin, they can break through with a head butt, and maintain the hole by reaming the edges with its robust upper canines and protruding, enlarged, number 2 upper incisors. Dive hole maintenance will continue as the ice thickens to at least a meter or more. While navigating under the ice, the seal has eyes that are positioned more forward than those of other Antarctic seals, and they can rotate them to look upward without changing the streamlined position of the head during forward swimming. None of the three other Antarctic seals have such ice-adapted features.
One of our foremost interests in the Weddell seal was investigating their physiological response to breath-hold diving. In the beginning, our main source of guidance in this study was Scholander's 1940 monograph (40) on forced submersion studies of northern species of seals and a few other animals. The fundamental observations established by Scholander showed consistent results: 1) a profound bradycardia, 2) restricted peripheral blood flow by vasoconstriction during the submersion, 3) at the end of the enforced breath hold there was a rapid rise in heart rate well above the resting rate, and 4) the blood chemistry condition changed with a flush of blood lactate into the circulation, indicating a substantial anaerobic metabolism during the submersion (Fig. 1) .
The source of the lactate was correctly determined to be from ischemic muscle, where, as a result of the reduced circulation and lack of the blood-borne oxygen supply, the working muscles depleted the stored oxygen bound to myoglobin. As the depletion of oxymyoglobin progresses, the muscle ratchets up the production of ATP by anaerobic glycolysis for its source of energy for muscle contraction. The rate and amount of rise in muscle-produced lactate is dependent on the level of exertion. At the time of our experiments there were no studies on how a marine mammal responded to natural, voluntary dives. We hypothesized that the most striking difference between forced submersion and voluntary dives would be the cardiovascular response, with much more variability in the voluntary dives, and the lactate changes within the circulation. For these experiments, conducted in 1977 and 1978, the five of us, Eric Wahrenbrock, a superb anesthesiologist and faculty member of the UCSD medical school, Everett Sinnett, a former graduate student and currently then a post doc at Harvard Medical School with David Leith, and Michael Cas- tellini and Randall Davis, graduate students at Scripps Institution of Oceanography formed a team to work with the best possible animal for such a study: the Weddell seal in McMurdo Sound.
By now we knew much about Weddell seal diving behavior, especially their diving duration capacity, from almost continuous studies beginning in 1964. As I mentioned above, they were gentle in the water and tolerant of manipulation around the head while breathing between dives. We took advantage of the Weddell seal's good nature to do the "simplest" of procedures. We placed a catheter into the brachial artery (not so simple), stitched it in place, and added an extension with a stopcock and float at the end. Since the sea water temperature was at Ϫ2°C we prevented the freezing of the saline-filled, dead space of the catheter that was external from the flipper by filling it with alcohol. When the seal returned from a dive, one of us (usually me) slipped under the canvas, fence-like blind and cryptically grabbed the stopcock and attached a flush and sampling syringe. We withdrew the sample as quickly as possible, and then flushed the catheter with saline followed by the alcohol for the dead space. Clearly the samplers' close proximity to the seal's head eliminated the leopard seal as a candidate for the experiment. You can see from Scholander's curve (Fig. 1 ) that the timing of our blood collection would result in our samples representing the near-peak value of lactate. If this were a forcibly submerged seal, then no matter the duration of the dive, there would be a noticeable peak lactate value. Details of these procedures and many other aspects of the Weddell seal and the early days of research in McMurdo Sound are in Kooyman (17) .
One evening back in the McMurdo Station biology lab I plotted the results. Low and behold most of our samples had a very low lactate peak, if any peak, until the dive durations exceeded 20 min. Beyond the 20-min threshold the lactate concentration rose rapidly and by 66 min it went through the roof (Fig. 2 , note the curve of the Weddell seal compared with that of the emperor penguin and the Baikal seal). That night the "lactate endurance curve" showed us that there was an "aerobic diving limit" where muscle production of lactate exceeded the rate that it could be utilized in aerobic metabolism and the acronym ADL was coined. It was officially designated in our subsequent 1980 publication (26) .
The ADL is a difficult value to obtain, as you can imagine, because the experimental setup requires very special conditions. We have succeeded in obtaining values for immature Weddell seals, not shown in the figure, and for emperor penguins and Baikal seals (Fig. 2) (22) . For the emperor penguin we used the same protocol as for the Weddell seal. The Baikal seals were from seals resting in a tank, and never touched during the experiment. All we had to do to induce a long submersion was show our head over the tank edge. The seal would remain submerged until we moved back from the tank.
One of the only other experimentally determined diving species, for which these measurements have been obtained, is that of the beluga whale (42) . In this case it was a trained animal and they found that after an 11-min dive the lactate had increased 2.4 times above resting. Similarly, measuring the postdive lactate in a trained dolphin resulted in an ADL of 3.5-4 min (46).
The original result made us pay much more attention to the oxygen stores of diving animals because it meant that we might be able to derive a calculated ADL (cADL) based on the oxygen stores and the metabolic rate of the animal while diving. Since then calculations have been made numerous times, especially by ecologists seeking to estimate the foraging limits of a species under study (1, 8, 10, 29, 45) . It has also been the basis of trying to understand the ultimate goal in diving physiology, and that is how diverse divers manage their oxygen stores (34) .
One of the most recent studies on the management of O 2 stores was conducted on nursing California sea lions (30) . This is an important study to note in several ways. First, it demonstrates how far the technology of monitoring physiological variables has progressed. In this case, the wild animal departs the sea lion colony to go to sea for several days to forage before returning back to her pup. The computer-assisted technology is monitoring PO 2 or heart rate and dive depth over the entire period of the sea trip. The results show the following: 1) an anticipatory lung inflation for the deeper and longer dives [This confirms previous studies that demonstrate some divers know what they are going to do before the start of the dive (12, 18) , and they dive on inspiration], 2) mechanism of defense against "shallow water blackout," and 3) determination of what depth lung collapse occurred. It confirms similar depths of lung collapse reported in earlier studies in which California sea lions were subjected to depth during a forced submersion in a compression chamber (25) .
Effects of deep diving on lung anatomy. This is a good segue into discussing a second example showing that for diving animals "there is no life without pressure" or the effects of compression on marine mammals. This is often a neglected subject because it is so difficult to study. That said, interest has increased much in the last few years because of some sensational reports about marine mammals getting the bends (9, 11) , and that the strandings of beaked whales may be related to United States Navy acoustic testing where they use very loud sound generators. Additionally, last but not least, the technology for obtaining some critical data on free-ranging cetacean deep divers is now possible.
Long before such techniques were available, August Krogh speculated about the metabolic rate of an adult blue whale and how it avoids bends (28) . This was before the works of Irving and Scholander were published, and Krogh could not see how the whale avoided high nitrogen tensions in the blood without reduced circulation. A short time later Scholander did a few experiments to determine diving depths and measured a harpooned fin whale diving to 350 meters. He also determined the inflation and deflation properties of some excised lungs of fin whales (40) . He noted that the excised lung is able to collapse nearly completely and that it has little residual volume. From these observations he proposed that the lung structure of marine mammals prevented high levels of nitrogen gas absorption by the thickening of the alveoli at depth resulting in reduced uptake of nitrogen into the blood. He then diagrammed a model of the lung from the surface and at depth and showed that a thickening of the alveoli would reduce the uptake of nitrogen into the blood (Fig. 3) .
Published at the same time as Scholander presented his monograph, Belanger (3) presented a histological analysis of lungs from a harbor seal and several whales. He noted unusual armoring in the peripheral airways of all these groups (3). While Scholander cited the earlier paper on dolphins by Wislocki (40, 47) , the more detailed description by Belanger might have been more important in Scholander's thoughts about marine mammal lungs.
We were prompted by the Scholander diagram of lung collapse (Fig. 3) , Denison, and my anatomical studies (discussed below) to determine the blood nitrogen levels in seals while at simulated depths. A team of us including Denison, Peter Schroeder, a local veterinarian who later became a specialist in dolphin medicine, Douglas Hammond, another veterinarian, who followed a peripatetic career of dolphin husbandry and who was the first veterinarian of the Hong Kong Aquarium, James Wright, a marine technologist from Scripps Institution of Oceanography, and Phil Bergman, at the time a medical student at UCSF and later an emergency room doctor in San Diego, set out to measure blood nitrogen in elephant seals during a cruise to Guadalupe Island aboard the R/V Alpha Helix. As most of us were divers, we combined observational studies underwater with controlled studies aboard the ship. At Scripps Institution of Oceanography, we did more experiments on elephant seals, a Weddell seal, and harbor seals. The elephant seals gave the most consistent results of both arterial and venous blood nitrogen changes with compression and decompression (23), so we compared them with results of Weddell seals performed a decade later. Using an exceptional microprocessor technology designed by Roger Hill, a team of investigators headed by Warren Zapol collected blood samples from freely diving Weddell seals. Konrad Falke performed the analyses and he determined that the blood nitrogen content of samples obtained while the seals were at various diving depths were similar to those we measured in forced and compressed submersions of elephant seals to simulated depths down to 272 meters (Fig. 4) (16) . Their interpretations were also similar in that there was an early onset of total lung collapse.
About the same time that the blood nitrogen studies were being conducted by the Zapol team in Antarctica, Ev Sinnett and I were completing experiments of a more direct measure of lung collapse than the indirect estimate of lung collapse from blood nitrogen contents. We were measuring the pulmonary shunt fraction within the lung by ventilating the seals on 100% oxygen, and, based on the traditional shunt equation, we calculated the shunt flow at rest. Then, not so traditionally, we flooded the chamber and calculated the compression-induced physiological shunt of the breath-holding seal or sea lion by the following equation:
where Q s /Q t , the fraction of pulmonary shunt flow is divided by total pulmonary flow, PA O 2 is alveolar oxygen tension, Pa O 2 is arterial oxygen tension, Cv O 2 is the oxygen content in the mixed . Diagrammatic model of inert gas movement out of the alveolus and the direction of gas flow as the seal descends. Arrows indicate direction of gas movement. At the surface nitrogen pressure is in equilibrium with the pulmonary capillary. As the seal descends, much of the gas is displaced into the less easily compressed bronchiole. At even greater depths closure of the bronchiole may occur. If a small amount of gas is trapped in the alveolus, the gas will be absorbed with time. The three figures of the collapsed alveolus model the rate of absorption. If the diver does not descend beyond the depth of gas trapping then absorption will be slower than if the seal continues to descend. Depth at which bronchiole occlusion and absorption collapse occurs is dependent on diving lung volume, lung dead space volume, and time of bronchiole occlusion [From Kooyman et al. (23)].
venous blood, Hb is hemoglobin concentration, 0.003 is the solubility of oxygen in whole blood at 37°C, and 1.34 is the milliliters of oxygen bound to 1 gram of hemoglobin (25) . During the submersions to depths of about 100 meters, total collapse did not occur; however, while the seals or sea lions were held at that depth, the shunt continued to increase. We found that at depth an absorption collapse continued and that is one reason why I modified the Scholander diagram to include absorption collapse and thus a graded collapse (Fig. 3) . We calculated the depth of total collapse from a derived linear equation of the degree of shunt with pressure. That result indicated that the depth of total collapse would occur at about 180 meters. As referred to earlier, that is close to the measured depth of lung collapse of 212 meters in free-diving adult female sea lions (30) .
The results of the pulmonary shunt experiment were used recently as part of a complex modeling report (6) . In their report they concluded 1) the ratio of dead space to lung volume is important in predicting when total collapse would occur, and 2) this emphasized that collapse is not instantaneous and an all-or-nothing result. It is satisfying that after all these years, results and conclusion using new technologies both in analytical modeling of results and in the employment of highly modified TDRs to assess the previous conclusions of diving physiology and behavior, are in agreement with former experiments using less refined equipment.
Catching a breath in the fast lane. Intrigued with the studies being conducted in my lab to obtain measurements on blood nitrogen levels and pulmonary shunts in diving mammals David Denison, David Warrell, and John West (5) conducted a comparative study of the mechanical properties of the excised lungs of dogs and sea lions. They showed that the residual volume of the sea lion lung was much lower than that of the dog. With increased pressure the sea lion lung continued to collapse to near zero at a compression equivalent to about 65 meters depth, but the dog lung trapped most of the residual volume in the alveoli (5). This led Denison and me, with the generous help of L. Griner of the San Diego Zoo, and with samples I had brought from Richard Harrison's lab in London, to conduct an anatomical study of the broadest possible range of mammals. From this material we could say that pinnipeds lungs, similar to those of cetacean lungs, were definitely different from terrestrial mammals in the degree of armoring. However, seals have a muscular strengthening of the terminal airways, but the cartilage, although extensive, did not extend to the alveolar duct (Fig. 5) . It was present to a lesser extent in the sea otter and walrus with a mix of reinforcement in some airways to the alveolar sac and others with only muscular thickening around the alveolar wall. We looked at many other species of mammals ranging from bears and hippopotami to sitatungas, and in none did we find any evidence of reinforced airways, with airways appearing equally compliant, if not more than the alveoli. In sum, "The adoption by pinnipeds, cetaceans and sirenians of the same singular mechanism is a striking example of convergent evolution that is perhaps most remarkable in the contrast between the sea-otter and the closely related riverine species" (4). Indeed, we modeled the degree of compliance necessary for the alveoli to collapse before the airway wall and showed it was enough in the seal (4) and as verified in the simulated deep dive experiments described earlier. Why then was there so much cartilage in cetacean, sea lion, and fur seal lungs? Based on Denison's comparative lung mechanics study of sea lions and dogs, and our broader anatomical study of marine mammal lungs, I thought we could test a hypothesis that had been discussed among several of us. First Sinnett, then a graduate student with me, and I went to Deer Island, New Brunswick where Dave Gaskin, a population biologist was collecting harbor porpoises that had been mortally wounded in fish traps. We wanted to do lung mechanics similar to what David Leith, then at Harvard University, had done on fin whales. Ours would be on a less grand scale and my interest in harbor porpoises, one of the smallest cetaceans, was because I thought we would be able to inflate the excised lung. In the past working with spinner dolphins caught in tuna nets, it had been impossible to accomplish the normal procedures similar to what had been applied in the past. I believed that the lack of success with small cetaceans was because the bronchiole sphincters in the terminal airways spasm and close the airway. Of all the small delphinids, only the Phocoena genus lack well-developed sphincters, and therefore, we might be able to inflate the lungs. It worked! The result was an informative flow volume curve (24), which we duplicated with pulmonary function tests of a Sea World-trained bottlenose dolphin (19) (Fig. 6) .
The flow curves scaled to vital capacity versus percentage of vital capacity shows for the cetaceans an almost square wave, whereas the human peaks early and slowly tapers off. The turnover of almost the entire total lung capacity (TLC) of the cetaceans results in a very fast expiration compared with the human, where vital capacity is only about 70% of TLC. This allows for ventilation on the go, which is important for an animal that shortens its time at the air-water interface to a very brief moment for exhalation and inhalation compared with a human. The short time at the surface reduces the high drag affect near the surface; especially important for fast swimming whales. Why the armoring is necessary in the simplest of explanations is that "maximal flows are determined by lung recoil and resistance upstream of the site where bronchial transmural pressure is zero, the equal pressure point (EPP)" (31) . At the EPP the airways narrow at high expiratory effort, limiting flow. With the low compliance of armored terminal airways, they do not narrow over a wide range of the lung volume at high expiratory flow rates, and flow is maintained through the terminal airways, hence, the high flow rates for most of the vital capacity in cetaceans, sea lions, and fur seals. The fact that the harbor porpoise had such a terminal airway structure that allowed for the experimental protocol on excised lungs for maximum experimental flow rate of the excised lungs of a cetacean is a beautiful example of the Krogh principle.
Emperor penguins (best of the avian divers). For years I had worked intermittently with emperor penguins whenever an opportunity arose, and I had developed a background of information about their diving habits. Some of the more general features of this bird are that they occur only in the seas of Antarctica, they are the largest avian diver (twice the normal body mass of the king penguin, the second largest penguin), and they occur in large breeding colonies that were formed in the mid-autumn. Their winter breeding habit forces them to do some diving at night, a time when extended breath-holds may result from occasional errors in under-ice navigation. They are also the deepest diving of all avian divers, both in routine foraging dives and their maximum dives. All of these results followed from miniaturization of the early TDRs that by then had been used for a decade on marine mammals.
We had learned much about the capabilities of emperor penguins and knew that they could dive to depths of 560 meters (44) , and although very rarely, they can breath-hold for over 20 min with a record of 27.6 min (35) . There is an interesting story behind this dive. After the bird landed on the ice it remained prone for 6 min, stood still for 20 min after getting up, and did not enter the water again for 8.4 h. This bird must have been near its limit, and one wonders what caused the dive to be so long.
Early on the ADL for the emperor penguin was determined to be about 5 min (33) (Fig. 3) . Similar to the ADL determination for the Weddell seal several studies ensued to determine the oxygen storage capacity, heart rate at rest and during diving, and blood muscle gas changes during diving in the emperor penguin. For that work Paul Ponganis organized a team of superstars that consisted of Jessica Meir, now an astronaut in training, Torre Stockard, now working seasonally in Greenland, and Cassondra Williams, a postdoctoral fellow at UC Irvine. A series of elegant experiments ensued and showed how emperor penguins respond to free dives using the IDHP. Their story is too long for me to relate here. For now let me say that of all diving animals the emperor penguin, for various reasons, may be the best model yet for understanding the diving physiology of a free-ranging animal.
Conclusions. It should be clear that in all of these personal experiences that I have chosen to describe the animals studied are examples perhaps of "extremophiles." The conventional definition is an organism thriving in a physically extreme environment that is detrimental to most other organisms. These are most often microbes in hot baths or at thermal vents in the deep ocean. It seems to me that marine divers such as birds, mammals, and reptiles fit the definition and then some. Perhaps they should be called "micropolyextremophiles," because they are exposed to extremes in a short time scale, unlike microbes that are in their setting permanently. Instead birds and mammals are faced with large hydrostatic and temperature swings as they dive to depth, and they often become hypoxic. I do not expect the term micropoly to catch on, but you get the idea. The exaggerated adaptations of this group enables us to study conditions of hypoxemia in slow motion and to levels that often are poorly understood in less exceptional animals, including humans. In fact their blood oxygen levels are routinely below that of animals breathing at altitudes equivalent to environmental oxygen tensions on Mt. Everest.
Working with such exceptional and charismatic animals one cannot help but be concerned about their welfare and conservation. There is little doubt that the added understanding of how they manage their oxygen stores, as so elegantly reviewed by Ponganis (32) , has connections to heart disease, the leading cause of death in United States citizens. Three of the four top causes of death in the United States are related to pulmonary and cardiovascular ailments. Diving animals can and do tell us much about the adaptability of the human physiological condition by their example of extreme adaptations. However, the importance of these animals goes beyond considerations of our own health, but to the core of a healthy planet. They are some of the most important indicators of the health of our marine environment and in two cases that I have discussed, the well being of the Antarctic environment. Our findings over the years bring an exceptional amount of awareness regarding these animals and where they live. With that understanding the work of conservationists should be made easier. Below are two last examples illustrating what we are learning and how novel some of it can be.
One of the most exciting, cutting edge, current applications of the TDR (I should mention here that the name has changed depending on the author, and now they are called archival recorders, data-loggers, etc., but the basic part of all is a time/depth base associated with all of the other variables now being obtained simultaneously) was the long-term, up to 3 mo, attachment of satellite-linked tags to Cuvier's beaked whale. Many of us have suspected that the beaked whales might be the most capable of all marine divers, and the record obtained from one individual may prove this. One animal dived to 2,992 meters, and another dived for 138 min. The average from eight animals totaling 1,142 deep dives was 1,400 meters, and all individuals exceeded 1,800 meters at least once. Finally, perhaps the most novel way of obtaining dive information from a hard-to-find or tag marine mammal is to put a tag in its prey and hope it gets eaten. That was not the plan for the study on the eel Anguilla anguilla, but some kind of toothed whales did eat three individuals. During the time the tag was in their stomachs the whales made numerous dives beyond 800 meters and foraging pattern was determined for these still unknown whales (43) .
Animal tracking and the variety of data being recorded would once upon a time seemed to be a data glut. Now there are special programs for analyzing all the results. Terms like Arcgis, Akaike Information Criterion, Mattlab, and Coding are part of the language of the day. Millions of points of data are recorded and presented in three dimension or other means of illustration and analysis. And again, as mentioned earlier, it is all reduced to understandable forms at about 10 times the cost.
Perspectives and Significance
I have reviewed the beginnings of unrestrained diving in birds and mammals and where the field is now. The remarkable results of those early dive measurements led to a shift in emphasis for field studies involving marine and penguin biology from onshore research of their breeding habits to what they do and where they travel at sea. During this revolutionary change, TDR-like instruments were needed for the work, and a new industry has developed to produce such devices with a range of modifications. Some measure real-time blood gas properties while the divers descend to depths of hundreds, even thousands of meters. Other innovations even turn some species into autonomic underwater vehicles (AUV) for measuring oceanographic conditions where conventional research vessels cannot go. The perspective on how diving animals manage their oxygen stores and avoid decompression sickness has also changed. A better idea of the function of the lung at depth is evolving and why the structure of marine mammal lungs is so peculiar. In the future the function of the completely new structure of bronchiole sphincters in toothed whales may be explained as a result of how the lungs work at depth. Perhaps we may even learn how some whales continue to utilize air from the respiratory system for echolocation, even when the gas is compressed to a tiny fraction of its surface volume. Soon, perhaps, the mystery of how the seemingly incompressible, parabronchial lung of emperor penguins can tolerate the crushing pressure of depths in excess of 500 m. For me these facts and many others related to my studies of diving began with the idea that "knowing natural history allows an investigator to phrase questions with precision" [G. A. Bartholomew (2)], and the Krogh principle stated at the beginning of this review is applied.
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